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BODY IRON HOMEOSTASIS IS CRUCIAL for health. Its misregulation may lead to iron deficiency or overload (10, 34) . Hereditary hemochromatosis (HH) is one of the most frequent inherited disorders in Caucasians and is characterized by systemic iron overload (29) . HH is etiologically linked to blunted expression of hepcidin, a liver-derived iron regulatory peptide hormone. Hepcidin insufficiency is typically caused by pathogenic mutations in the upstream regulator high iron (HFE) or other regulatory proteins such as transferrin receptor (TfR) 2 or hemojuvelin (HJV) (13) . This causes hyperabsorption of dietary iron by intestinal enterocytes and uncontrolled release of iron from tissue macrophages to the plasma. As a result, transferrin saturation gradually increases and excessive nontransferrin bound iron accumulates, which is eventually taken up by hepatocytes and other tissue parenchymal cells. The most frequent form of HH is associated with HFE inactivation due to C282Y or, to a lesser extent, H63D or S65C point mutations (29) . The clinical penetrance of HH may substantially differ among individuals with the same HFE genotype and is affected by gender, race, as well as genetic and environmental factors (2) . Phenotypic variations are also evident in mouse models of HH, where Hfe Ϫ/Ϫ mice on different genetic backgrounds manifest variable degrees of iron overload (9) .
Iron is potentially toxic due to its redox reactivity, which catalyzes the propagation of hydroxyl radicals by Fenton chemistry (12) . Hepatic iron overload leads to oxidative stress and poses a risk factor for chronic liver disease, such as fibrosis, cirrhosis, and hepatocellular cancer (HCC) (31) . On the other hand, other causes of liver injury, such as chronic hepatitis C, alcoholic liver disease, nonalcoholic fatty liver disease (NAFLD), or nonalcoholic steatohepatitis (NASH) are often associated with mild to moderate increase in hepatic iron levels, which is thought to aggravate liver damage (34) . Nonhemochromatotic patients with NASH and parenchymal hepatic iron accumulation (39) or homo/heterozygocity for HFE mutations (14, 23) were identified to have increased risk for liver fibrosis. Similar results were reported for hemochromatotic patients with HFE C282Y mutations and NAFLD (30) . Along these lines, Hfe Ϫ/Ϫ mice fed with a high-fat diet developed a NASH-like phenotype and early fibrosis, whereas wild-type (WT) control animals merely manifested hepatic steatosis in the absence of inflammation or liver injury (38) . These findings indicate synergies between iron and lipid metabolism and fibrogenetic pathways. The underlying mechanisms remain elusive, but it is perceived that the predisposition of an HFE-deficient fatty liver to fibrosis is linked to iron overload (4, 24) .
To explore the role of iron as a profibrogenic factor in the context of fatty liver, we used Hjv Ϫ/Ϫ mice, a model of juvenile hemochromatosis (JH). This disease is a rare variant of HH that is caused by functional inactivation of HJV (28), a bone morphogenetic protein (BMP) coreceptor that enhances iron-dependent signaling to hepcidin via the BMP/mothers against decapentaplegic pathway (1) . JH is characterized by early onset and leads to cardiac, hepatic, and endocrine complications. Hjv Ϫ/Ϫ mice recapitulate the iron overload phenotype of JH patients but do not develop spontaneous liver fibrosis (17) . This holds true for most mouse models of hemochromatosis, indicating that mice are somehow protected from iron-induced liver injury (9) . Nevertheless, Hjv Ϫ/Ϫ mice ex-hibit early signs of latent liver fibrogenesis and develop accelerated liver fibrosis in response to carbon tetrachloride (CCl 4 ) treatment (33) . These experimental findings suggest that hepatic iron overload requires additional pathogenic stimuli (such as CCl 4 ) to induce liver fibrogenesis. Here, we examined whether hepatic steatosis suffices to trigger liver fibrogenesis in hemochromatotic Hjv Ϫ/Ϫ mice.
MATERIALS AND METHODS
Animals. Ten-week-old WT and Hjv Ϫ/Ϫ mice on C57BL/6 background (15) were placed on a normal diet (ND), a high-fat diet (HFD; Harlad Teklad TD.88137), or a HFD supplemented with 2% carbonyl iron (HFDϩFe) for 12 wk. The iron content of the HFD was similar to that of the ND. Each dietary group consisted of five to six male animals. The diet composition is shown in Tables 1 and 2 . The mice were housed in a temperature-controlled environment (22 Ϯ 1°C, 60 Ϯ 5% humidity), with a 12:12-h light-dark cycle and were allowed ad libitum access to diets and drinking water. At the endpoint, the animals were killed under general anesthesia. Serum was obtained by cardiac puncture and stored at Ϫ80°C. Livers were rapidly excised, and tissue sections were either snap-frozen in liquid nitrogen or fixed in 10% neutral-buffered formalin, and then embedded in paraffin for histological and ultrastructural analysis. All animal procedures were approved by the Animal Care Committee of McGill University (protocol 4966).
Serum biochemistry. Transferrin saturation and serum iron, glucose, cholesterol, triglycerides, and transaminases [alanine aminotransferase (ALT), aspartate aminotransferase (AST)] were measured with a Roche Hitachi 917 Chemistry Analyzer at the Biochemistry Department of the Jewish General Hospital.
Quantification of nonheme iron. Hepatic nonheme iron was measured by the ferrozine assay (5) . Results are expressed as micrograms of iron per gram of dry tissue weight.
Histological analysis. Tissue specimens were fixed in 10% buffered formalin and embedded in paraffin. To visualize ferric iron deposits, deparaffinized tissue sections were stained with Perls' Prussian blue. To ascertain the presence of steatosis and inflammation, hematoxylin and eosin (H&E) staining was performed, and slides were graded by an experienced pathologist according to standard criteria (33) . Fibrosis was assessed following Sirius red staining.
Ultrastructural analysis. Liver tissues were dissected in 1 mm 3 for morphological studies by transmission electron microscopy (TEM). After two washes with ice-cold 0.2 M sodium cacodylate buffer containing 0.1% calcium chloride, pH 7.4, samples were fixed overnight at 4°C in 2.5% glutaraldehyde and washed three times with washing buffer. Pellets were postfixed with 1% aqueous OsO 4 ϩ 1.5% aqueous potassium ferrocyanide for 1 h and washed three times with washing buffer. Specimens were dehydrated in a graded alcohol series, infiltrated with graded epon-alcohol and embedded in epon. Sections were polymerized at 58°C for 48 h. Ultrathin sections (90 -100 nm thick) were prepared with a diamond knife using a Reichert Ultracut E-ultramicrotome, placed on 200-mesh copper grids, and stained with 2% uranyl acetate for 6 min and Reynold's lead for 5 min. TEM grids were examined with a Tecnai 12 120 kV TEM equipped with a Gatan 792 Bioscan CCD Camera (Gatan, Pleasanton, CA).
Quantitative real-time PCR. Total RNA was isolated from frozen liver tissues using the RNeasy Mini kit (Qiagen), and quality was assessed by determining the 260-to 280-nm absorbance ratios and by agarose gel electrophoresis. Quantitative real-time PCR was performed by using gene-specific primers (Table 3) , with ribosomal protein 18S as the housekeeping gene for normalization (33) . Data are reported as fold increases compared with samples from WT mice on normal diet ("control").
Western blotting. Liver extracts were prepared as previously described (33) , and samples containing 30 g of protein were analyzed by SDS-PAGE on a 10% gel. Following transfer of the proteins onto nitrocellulose filters (Bio-Rad), the blots were saturated with 5% nonfat milk in Tris-buffered saline (TBS) containing 0.1% (vol/vol) Tween 20 (TBS-T) and probed with 1:1,000 diluted ferritin (Novus), TfR1 (Zymed), or ␣-smooth muscle actin (␣-SMA; Sigma) antibodies. After three washes with TBS-T, the blots were incubated with 1:5,000 diluted peroxidase-coupled goat anti-rabbit IgG (Sigma). The peroxidase signal was detected by enhanced chemiluminescence with the Western Lightning ECL kit (Perkin Elmer).
Statistical analysis. Quantitative data are expressed as means Ϯ SD. Statistical analysis across multiple groups was performed by one-way ANOVA with Dunnett's test comparing each experimental group with the control (WT mice on ND). Two-way ANOVA with Bonferroni posttest comparison with the control was used for analyzing kinetics in multiple groups. For dietary treatments, comparisons were made within each genotype by two-tailed Student's t-test. The GraphPad Prism software (version 5.0d) was used for all statistical analyses. A probability value P Ͻ 0.05 was considered statistically significant.
RESULTS

Effects of diets and genotypes on body weight.
The body weight of all animals was monitored at various time intervals throughout the 12-wk experimental period. As expected, mice on HFD exhibited significantly increased body weight (P Ͻ 0.001) compared with isogenic controls on ND (Fig. 1A) . Hjv Ϫ/Ϫ mice tended to gain less weight over time compared with WT controls, in both ND and HFD groups. After 8 wk, the weights of WT mice on ND and Hjv Ϫ/Ϫ mice on HFD were similar. Notably, the presence of 2% carbonyl iron within the HFDϩFe regimen completely prevented HFD-associated weight gain in all animals (P Ͻ 0.001), independent of genotype. This was not linked to any apparent reduction in food consumption and may be related to adipose tissue dystrophy that has been reported in WT mice fed with an iron-enriched diet (8) . A representative image of WT mice after 12 wk of feeding with HFD or HFDϩFe is shown in Fig. 1B . mice provide an established model of systemic iron overload (15, 17) . This is reflected in hyperferremia (serum iron: 42.6 Ϯ 1.1 vs. 22.2 Ϯ 0.9 mol/l in WT, P Ͻ 0.001), high Tf saturation (87 vs. 40% in WT, P Ͻ 0.001), pathological hepatic iron content (6,273 Ϯ 602 vs. 433 Ϯ 52 g iron/g of dry liver in WT, P Ͻ 0.001), and histologically detectable iron deposits in the liver parenchyma ( mice. Likewise, the HFD significantly decreased Tf saturation (from 40 to 35%, P Ͻ 0.05) and hepatic iron content (from 433 Ϯ 52 to 243 Ϯ 50 g iron/g of dry liver, P Ͻ 0.01) in WT mice. The HFDϩFe regimen boosted serum and hepatic iron in both WT and Hjv Ϫ/Ϫ mice to levels that were indistinguishable between the two genotypes. These data suggest that HFD intake modulates iron metabolism and reduces iron indexes in WT and Hjv Ϫ/Ϫ mice. As expected, the expression of hepcidin mRNA was miniscule in Hjv Ϫ/Ϫ mice (Fig. 3A) . HFD intake decreased hepcidin mRNA levels by 60% (P Ͻ 0.05) in WT mice, but no statistically significant difference was observed in Hjv Ϫ/Ϫ mice. WT mice on combined HFDϩFe exhibited 7.3-fold higher hepcidin mRNA levels vs. WT mice on ND (P Ͻ 0.001). Likewise, hepcidin mRNA expression was increased 3.8-fold (P Ͻ 0.05) in Hjv Ϫ/Ϫ mice on HFDϩFe vs. ND. The expression of TfR1, a protein involved in cellular iron uptake (40) , was evident in livers of WT mice on ND, whereas expression of the iron storage protein ferritin was undetectable (Fig. 3B) . Conversely, Hjv Ϫ/Ϫ mice on ND exhibited a low TfR1 content and expressed high levels of ferritin, consistent with their high iron load. The HFD augmented TfR1 expression in both genotypes without affecting ferritin levels, in line with the HFD-related reduction of hepatic iron content. The combined HFDϩFe regimen diminished TfR1 and induced ferritin expression in WT livers. Densitometric quantification of the Western blotting data is provided in Fig. 3 , C and D.
Effects of diets and genotypes on glucose and lipid metabolism. Hjv Ϫ/Ϫ mice manifested a 25% decrease (P Ͻ 0.001) in serum glucose levels vs. WT animals (Fig. 4A) . This finding corroborates similar observations in isogenic Hfe Ϫ/Ϫ mice and could be explained by enhanced insulin sensitivity due to local adipocyte iron deficiency, followed by glucose clearance in skeletal muscles (11, 18) . Serum glucose values of WT mice were increased by 8% (P Ͻ 0.05) in response to HFD intake. A similar trend was evident in Hjv Ϫ/Ϫ mice; however, no statistical significance was reached. The presence of dietary carbonyl iron completely abolished HFD-related hyperglycemia and, moreover, led to a significant 25% (P Ͻ 0.001) reduction of serum glucose concentrations in both genotypes; the reason for this is obscure. As expected, the HFD promoted a twofold (P Ͻ 0.001) increase of serum cholesterol levels in both WT and Hjv Ϫ/Ϫ mice (Fig. 4B) . Administration of HFDϩFe restored physiological serum cholesterol values in WT mice but did not prevent hypercholesterolemia in Hjv Ϫ/Ϫ animals. Serum triglyceride levels (Fig. 4C) were significantly increased by HFD intake in WT mice (30%, P Ͻ 0.01) and by the HFDϩFe regimen in both WT (1.5-fold, P Ͻ 0.001) and Hjv Ϫ/Ϫ (1.3-fold, P Ͻ 0.01) mice, possibly as a result of increased release of fatty acids from visceral adipose tissue. All WT and Hjv Ϫ/Ϫ mice of the HFD group developed severe hepatic steatosis (with Ͼ30% of hepatocytes affected). The type of steatosis was either macrovesicular or microvesicular 
r18S, ribosomal protein 18S; AdipoR2, adiponectin receptor 2; Ppar-␣, peroxisome proliferator-activated receptor-␣; Hmgcr, 3-hydroxy-3-methylglutaratecoenzyme A reductase; Tnf-␣, tumor necrosis factor-␣; Et-1, endothelin-1; Pdgf, platelet-derived growth factor. and did not correlate with the genotype of the mice. The degree of steatosis was substantially reduced in Hjv Ϫ/Ϫ mice fed HFDϩFe (Fig. 4D, see also Fig. 6C) .
Adiponectin is an insulin-sensitizing protein hormone that modulates a number of metabolic processes, including glucose metabolism and fatty acid oxidation (7). It is secreted by adipose tissues and acts via the two major receptors, AdipoR1 and AdipoR2, which are expressed in the muscles and liver, respectively. AdipoR2 inhibits lipogenesis and activates peroxisome proliferator-activated receptor (Ppar)-␣ and fatty acid oxidation genes. Hepatic AdipoR2 mRNA was induced by HFD in both WT and Hjv Ϫ/Ϫ mice, but this effect was antagonized by the HFDϩFe regimen (Fig. 5A) . Similar responses were observed in the expression of Ppar-␣ mRNA (Fig. 5B) . We also analyzed expression of the mRNA encoding 3-hydroxy-3-methylglutarate-coenzyme A reductase (Hmgcr), an enzyme catalyzing the rate-limiting step for cholesterol biosynthesis that was found to be positively regulated by hepatic iron (16) . Surprisingly, hepatic Hmgcr mRNA levels were not increased in Hjv Ϫ/Ϫ mice, whereas HFD negatively regulated its expression (Fig. 5C ). The HFDϩFe regimen promoted a robust 3.3-fold induction (P Ͻ 0.001) of Hmgcr mRNA in WT mice, consistent with iron regulation (16), but not in Hjv Ϫ/Ϫ mice. Together, the data in Figs. 4 and 5 suggest that HFD intake affects lipid metabolism in both WT and Hjv Ϫ/Ϫ mice.
Parenchymal iron overload does not suffice to promote progression of hepatic steatosis to steatohepatitis or fibrosis in Hjv
Ϫ/Ϫ and WT mice. Hjv Ϫ/Ϫ mice exhibited elevated values of liver-derived serum transaminases compared with WT controls (ALT: 68.8 Ϯ 7.3 vs. 24.6 Ϯ 1.5 IU/l in WT, P Ͻ 0.001; and AST: 145.7 Ϯ 13.5 vs. 55.2 Ϯ 6.0 IU/l in WT, P Ͻ 0.001), which is indicative of liver injury (Fig. 6, A and B) . Surprisingly, these values were not further augmented by HFD intake but were rather significantly decreased (ALT: from 68.8 Ϯ 7.3 to 34.6 Ϯ 5.7 IU/l, P Ͻ 0.001; and AST: from 145.7 Ϯ 13.5 to 74.2 Ϯ 8.8 IU/l, P Ͻ 0.001). By contrast, the HFD increased liver transaminases in WT mice (ALT: from 24.6 Ϯ 1.4 to 88.4 Ϯ 23.0 IU/l, P Ͻ 0.001; and AST: from 55.2 Ϯ 6.0 to 100.1 Ϯ 15.1 IU/l, P Ͻ 0.001). Combined HFDϩFe administration reversed the effects of HFD on transaminases in WT mice and on AST in Hjv Ϫ/Ϫ mice. The reason for this unexpected finding is not known.
Histological analysis of liver sections by H&E staining did not show any signs of iron-induced necroinflammation or fibrosis in Hjv Ϫ/Ϫ or WT mice (Fig. 6C) . Areas with limited infiltration of inflammatory cells were only documented in the liver of one WT mouse on HFD and another WT mouse on HFDϩFe (data not shown). The absence of fibrosis in any of the mouse livers was confirmed by the lack of detectable collagen fibers after staining with Sirius red (data not shown). Biochemical analysis uncovered a tendency for increased ex- 
. HFD intake reduces iron indexes in WT and Hjv
Ϫ/Ϫ mice. At the endpoint, the mice described in Fig. 1 were exsanguinated and killed, and blood and tissues were analyzed as described in Figs. 2-9 . A: analysis of serum iron. B: analysis of transferrin saturation. C: quantification of hepatic nonheme iron content by the ferrozine assay. D: histological detection of iron deposits in liver sections by Perls' iron staining. Original magnification: ϫ20. ***P Ͻ 0.001 (1-way ANOVA vs. control); comparisons within each genotype were performed by 2-tailed Student's t-test.
pression of the mRNAs encoding the inflammatory marker tumor necrosis factor-␣ and the fibrosis markers ␣ 1 -(I)-collagen, endothelin-1, and platelet-derived growth factor in livers of both WT and Hjv Ϫ/Ϫ on HFD (Fig. 7) . However, there were no significant differences among the genotypes, and the values tended to normalize following HFDϩFe intake.
Ultrastructural analysis of liver sections with TEM further validated the absence of necroinflammation or fibrosis (Fig. 8) . Livers of WT mice on ND contained regular lipid droplets and glycogen granules (Fig. 8A) . The density of glycogen clusters was drastically reduced in livers of Hjv Ϫ/Ϫ mice on ND, whereas there was an increase in distribution of well-organized endoplasmic reticulum (see high magnification). There was no evidence for presence of lipid droplets in these samples. Following HFD intake, the lipid droplet content was dramatically increased in WT and modestly increased in Hjv Ϫ/Ϫ mouse livers (Fig. 8B) . Lipid droplets of WT mice exhibited dark spots, which may represent ferritin. The presence of carbonyl iron in the HFDϩFe diet reduced lipid content in both WT and Hjv Ϫ/Ϫ mouse livers (Fig. 8C) . In these samples, we observed accumulation of membrane-bound vesicles (lysosomes, microphagosomes) containing high-contrast ferritinlike nanoparticles. The overall architecture of mitochondria did not appear to be affected by the genotype or diet.
Western blot analysis detected low expression of ␣-SMA in livers of ϳ50% of Hjv Ϫ/Ϫ mice on ND, whereas the remaining animals were negative. Representative images are shown in Fig. 9A (lanes 3 and 4) , and densitometric quantification is provided in Fig. 9B . This result contrasts the strong expression of ␣-SMA in livers of naïve Hjv Ϫ/Ϫ mice on mixed 129S6/ SvEvTac genetic background, which was reported previously (33) . Parallel analysis of liver samples from naïve Hjv Ϫ/Ϫ mice in mixed 129S6/SvEvTac or pure C57BL/6 (B6) backgrounds reproduces the previous findings (Fig. 9C) , suggesting that expression of this fibrosis marker depends on the Hjv (Fig. 9A , lanes 9-12; see also Fig. 9B ). Thus, whereas both iron overload and HFD appear to promote latent hepatic fibrogenesis, they fail to synergistically induce histologically detectable liver fibrosis in Hjv Ϫ/Ϫ mice.
DISCUSSION
We show here that hemochromatotic Hjv Ϫ/Ϫ mice develop hepatic steatosis in response to HFD intake, which does not progress to an inflammatory or fibrotic stage, despite excessive parenchymal iron overload. Isogenic WT control mice with physiological hepatic iron content manifested similar pathology upon HFD feeding. Supplementation of the HFD with 2% carbonyl iron promoted hepatic iron overload in WT mice and further augmented the hepatic iron content of Hjv Ϫ/Ϫ mice, but likewise failed to trigger liver inflammation or fibrosis in both genotypes.
In humans with HH, hepatic steatosis is a known risk factor for development of liver fibrosis (30) . Hepatic iron overload is considered as a pathogenic cofactor that can lead to progression of NAFLD to NASH and fibrosis (24) . Nonhemochromatotic patients with NAFLD often present with mild hepatic iron overload, which predisposes to liver injury. Nevertheless, this appears to depend on the pattern of iron distribution among hepatocytes and Kupffer cells, which is not always consistent. Thus, liver biopsies from NAFLD patients may contain histologically stainable iron deposits in either hepatocytes, Kupffer cells, or both cell types (4, 24) , underlying diverse etiologies for hepatic iron accumulation. A clinical study with a cohort of NAFLD patients from the United States reported association of iron overload in Kupffer cells with liver fibrosis (25) . Reticuloendothelial iron overload was also found to correlate with progression of NASH to HCC in patients from Italy (37) . Along these lines, experiments with a rabbit model of NASH suggested that iron loading of Kupffer cells via phagocytosis of apoptotic erythrocytes promotes liver fibrogenesis (26) . However, another clinical study with patients from Italy concluded that progression of NAFLD to liver fibrosis correlates to parenchymal but not reticuloendothelial iron overload, independent of HFE mutations (39) .
The Hjv Ϫ/Ϫ mouse model of HH is characterized by massive hepatic iron overload, where excess iron is exclusively distributed among hepatocytes, especially in periportal areas (17) . We observed reduced density of glycogen granules and absence of lipid droplets in Hjv Ϫ/Ϫ livers, which indicates high metabolic activity and is consistent with the resistance of the Hjv Ϫ/Ϫ mice to HFD-induced obesity. The reason for these responses is unclear and deserves further investigation. Our overall data suggest that parenchymal iron overload is not a pathogenic cofactor for the development of liver injury in steatotic Hjv Ϫ/Ϫ mice. A previous study showed that Hfe Ϫ/Ϫ mice develop a NASH-like phenotype and early liver fibrosis in response to an 8-wk HFD feeding regimen (38) . These animals represent another model of hemochromatosis with similar phenotypic features but milder degree of iron overload compared with Hjv Ϫ/Ϫ mice (38) . The striking differences in the outcome of the HFD experiments reported herein and previously (38) cannot be attributed to spurious genetic background effects, since the Hfe Ϫ/Ϫ and Hjv Ϫ/Ϫ mice were backcrossed to the C57BL/6 strain. Moreover, the fat and carbohydrate composition, as well as the cholesterol content of the HFDs, did not differ substantially. It is tempting to speculate that the susceptibility of steatotic Hfe Ϫ/Ϫ mice to liver fibrosis is related to the lack of Hfe. This is an atypical major histocompatibility class I protein that operates upstream of the hepcidin pathway and is required for proper iron-dependent signaling (27) . The exact function of HFE as regulator of hepcidin is not clear, and a role in antigen binding has been excluded for steric reasons. Nevertheless, HFE is capable of recognizing subsets of T lymphocytes and thereby has the potential of modulating immune responses (32) . Along these lines, the development of HFDinduced steatosis in C57BL/6 mice has been associated with excessive production of proinflammatory cytokines by hepatic T lymphocytes (21) . It is conceivable that the iron content of Hfe Ϫ/Ϫ mice may affect their susceptibility to develop HFDinduced liver fibrosis.
A characteristic feature of mouse models of HH (including Hjv Ϫ/Ϫ mice), which recapitulates human disease, is the irondeficient phenotype of their macrophages, enterocytes, and adipocytes in spite of systemic iron overload (9, 11) . This is caused by overexpression of ferroportin in these cell types due to suppression of hepcidin. We recently showed that Hjv Ϫ/Ϫ mice on a high-iron diet (containing 2% carbonyl iron) induce residual hepcidin expression, which leads to partial, yet inappropriately low, retention of iron within splenic macrophages (15) . The high-iron diet also increases splenic iron load in WT mice (5) . Thus, it is plausible to assume that the HFDϩFe regimen promoted relative iron retention in Kupffer cells of Hjv Ϫ/Ϫ mice and iron loading in Kupffer cells of WT mice. Nevertheless, none of the two genotypes developed histologically or ultrastructurally detectable liver injury. It is possible that the amount of iron accumulated in Kupffer cells was below the threshold required to trigger liver fibrosis. Notably, neither Hjv Ϫ/Ϫ nor WT mice on HFDϩFe became obese (they failed to gain weight), whereas the Hjv Ϫ/Ϫ mice manifested a lower degree of hepatic steatosis. The latter did not have a healthy appearance during the last days of the dietary treatment and exhibited reduced activity in the cages. Therefore, the results with the HFDϩFe regimen should be interpreted with caution.
Another reason for the failure of genetic and/or dietary iron overload to catalyze the progression of steatosis to advanced liver injury might be related to the strain of the mice. Animals of the C57BL/6 genetic background are relatively resistant to CCl 4 -induced liver fibrosis, and this is associated with altered T cell responses (35) . Other strains are more sensitive, and hemochromatotic Hfe
Tfr2
Ϫ/Ϫ mice on the AKR background even develop spontaneous iron-induced liver fibrosis (6) . The resistance of the C57BL/6 strain is also reflected in the weak ␣-SMA expression in livers of Hjv Ϫ/Ϫ mice backcrossed to pure C57BL/6 background compared with the profound ␣-SMA content in livers of Hjv Ϫ/Ϫ mice in mixed 129S6/ SvEvTac background (Fig. 7B) . The even low expression of hepatic ␣-SMA in naïve C57BL/6 Hjv Ϫ/Ϫ mice, as well as their increased serum ALT and AST values compared with that of WT controls, indicates that iron overload induces latent profibrogenic responses in these animals. However, an additional trigger is presumably required for the development of fibrosis. We previously showed that parenchymal iron overload promoted oxidative stress and accelerated CCl 4 -induced liver fibrosis in 129S6/SvEvTac Hjv Ϫ/Ϫ mice (33) . It will be interesting to examine the effects of HFD in this setting and, conversely, the effects of CCl 4 in C57BL/6 Hjv Ϫ/Ϫ mice. In addition, it will be important to address whether a longer period of HFD exposure could result in more significant liver injury.
Parenteral (19) or dietary (20) iron overload of Wistar or Fischer 344 rats, respectively, was shown to aggravate nutritional steatohepatitis caused by a methionine/choline-deficient diet. Although parenteral iron administration leads to both parenchymal and reticuloendothelial iron overload (5, 19) , the adverse effects of dietary iron overload in the nutritional steatohepatitis rat model imply an increased sensitivity of rats to iron-induced hepatotoxicity compared with C57BL/6 mice. Feeding Sprague-Dawley rats with a HFD led to progressive hepatic iron accumulation and oxidative stress, which correlated with induction of iron regulatory protein 1 in hepatocytes, and concomitant modulation of its downstream targets TfR1 and ferritin (22) . Increased hepatic iron uptake via TfR1 was associated with upregulation of hepcidin mRNA and inflammation. In agreement with these findings, the data in Fig. 3 show HFD-dependent stimulation of hepatic TfR1 in both WT and Hjv Ϫ/Ϫ mice. However, this did not correlate to any increases in serum or hepatic iron indexes, which were rather reduced (Fig. 2) . Thus, the stimulation of hepatic TfR1 in mice fed the HFD, in the presence of reduced hepatic iron content, may represent a response to relative iron deficiency. This interpretation is also supported by the downregulation of hepcidin mRNA in HFD-fed WT mice (Fig. 3A ). An analogous suppression of hepcidin, associated with decreased hepatic iron content, was observed upon feeding C57BL/6 mice with a HFD for 16 wk (3). Moreover, feeding C57BL/6 mice with a HFD has also been associated with hepcidin-independent iron deficiency due to reduced intestinal iron absorption (36) .
In conclusion, our data demonstrate that parenchymal iron overload is not a pathogenic cofactor for progression of liver steatosis to steatohepatitis or fibrosis in Hjv Ϫ/Ϫ (and WT) mice of C57BL/6 background. The existence of iron-resistant and -sensitive mouse strains implies the involvement of further genetic factors in the development of iron-dependent liver fibrogenesis, which remain to be identified and characterized.
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